Taguchi technique
Introduction
Titanium alloys are of an increasing importance in engineering applications because of their excellent combination of high strength, low density and corrosion resistance. Titanium alloy finds wide applications in aerospace, automotive, nuclear, chemical, marine and biomedical industries. Ti-6Al-4V alloy is a widely applied titanium alloy that to confirm the low wear resistance of the alloy to plastic deformation at low loads and poor protection exerted by the surface oxide. The dominant reason for the poor wear resistance of Ti-6Al-4V alloy is due to low protection exerted by the tribooxides. The tribolayer of Ti-6Al-4V alloy is brittle, tended to be continuously fragmented and did not adhere to the substrate, thus presenting no protective role [7, 8] . Alam Ohidul and Haseeb [9] investigated the tribological properties of Ti-6Al-4V and Ti-24Al-11Nb alloys subjected to dry sliding wear against hardened-steel and found that the lower wear rate of Ti-6Al-4Valloy alloy was linked to severe delamination wear. An unexpectedly high wear rate for alumina sliding against Ti-6Al-4V (pin on-disk tests) was reported by Dong and Bell [10] . Qiu et al. [11] investigated tribological characteristics of Ti-6Al-4V alloy against GCr15 under high speed and dry sliding and concluded that the low wear resistance of Ti-6Al-4V alloy was attributed to the formation of a loosened oxide layer. Magaziner et al. [12] studied wear behavior of Ti-6Al-4V under reciprocation sliding conditions and observed that the wear loss was due to the adhesion and abrasion mechanism without citing the effect of tribooxides. A familiar approach for enhancing the tribological properties of titanium alloys for improved wear resistance is to perform surface modifications for increased hardness and reduction in friction coefficient [13] [14] [15] . Surface treatment is the suitable solution for the elevation of the wear resistance of Ti-6Al-4V. Thermal oxidation is a popular process which substantially improves the wear resistance [16, 17] . A few of these procedures applied are PVD coating (TiN, TiC), ion implantation (N + ), thermal treatments (nitriding, diffusion hardening) [18] , or laser alloying with TiC [19] . However, these procedures have limited technical success for example ion implantation leads to modification of only a thin layer (>10 m), resulting in the improvement in the sliding wear resistance of Ti-6Al-4V. But this treated surface wears away or becomes discontinuous, promoting catastrophic wear. Surface modification by oxygen diffusion hardening (ODH) has been considered to enhance the wear resistance of Ti-6Al-7Nb, due to a gradual increase in hardness through a relatively thick transformed layer [20] . A similar approach was taken by Zwicker et al. [21] for enhanced friction behavior of Ti-5Al-2.5Fe against UHMWPE, using oxide films formation by thermal oxidation. Johnson et al. [14] applied a low-cost approach of thermal oxidation to modify Ti-6Al-4V surfaces and achieved friction coefficients as low as 0.1, i.e. a reduction of 70% in comparison to the untreated alloy. The thermal processes such as nitriding [22] , carburization [23] , boriding [24] and thermal plasma coating techniques [25] used for surface treatment have a limitation that the high thermal stresses produced lead to torsional twisting of substrates resulting in surface roughening. Efforts to enhance the tribological performance of Ti-6Al-4V using SiC or B 4 C coatings alone failed as there was no significant improvement on wear performance, despite a noticeable increase in surface hardness [26] . The process of shot peening was employed, which led to an improvement in the wear resistance due to surface hardening of Titanium alloy Ti-6Al-4V, but also resulted in, increase in surface roughness [27] .
Burnishing is an acknowledged method of mechanical surface treatment, to impart specific physical, mechanical and tribological properties. Burnishing process is a postmachining operation in which the surface of the work piece is compressed by the application of a ball or roller to produce a smooth and work-hardened surface by plastic deformation of surface irregularities. Burnishing process is capable of improving the resistance to wear, corrosion and oxidation. These improvements can be extended to minimize friction and reduce adhesion. Many investigators have pointed out that burnishing reduces friction coefficient and improves wear resistance. From the experimental trials conducted on burnishing of copper, El-Tayeb [28] , revealed that burnishing process helps to reduce friction up to a critical depth, beyond which cracks are initiated resulting in increase of friction coefficient. El-Tayeb and Ghobrial [29] found that burnishing process reduced wear rate by 38% for copper and 44% for St-37 steel, whereas an increase in burnishing depth accelerated the response for wear rate resulting in surface damage. El-Tayeb et al. [30] in their study on burnishing of Aluminum 6061 proved that ball burnishing process is capable of improving friction coefficient by 48% reduction and weight loss by 60-80% reduction. Rao et al. [31] studied the effects of burnishing parameters on the surface hardness and wear resistance of HSLA dual phase steel alloys and observed that the percentage reduction in weight of the components decreases with increase in burnishing force. Rajasekariah and Vaidyanathan [32] conducted burnishing trials on steel components and observed an increase in wear-resistance of 40% due to burnishing. Low and Wong [33] conducted ball burnishing on polymers under dry sliding conditions and determined that the lowest coefficient of friction value achieved was 0.22 (32.9% decrease) for polyoxymethylene (POM) and 0.24 (28.8% decrease) for polyurethane (PUR), whereas the lowest specific wear rate value achieved was 0.31 × 10 −6 mm 3 /N m (38.6% decrease) for polyoxymethylene (POM) and 0.41 × 10 −6 mm 3 /N m (37.9% decrease) for polyurethane (PUR).
From the earlier investigations, it is evident that the final effect of smoothing during burnishing process depended profoundly on the initial roughness [34, 35] . Feng et al. [36] carried out turning and burnishing trials on aluminum alloys AA 7075 and AISI 5140 and revealed that lowest surface roughness after burnishing is proportional to the initial surface roughness. Titanium alloy (Ti-6Al-4V) is classified as difficult to machine material. Hence, understanding the machining characteristic of titanium alloy and determining the finish cutting parameters is important. The turning process has to be carried out to identify the optimal condition of process parameters to obtain best surface finish. In the present scenario, the use of flood cutting fluids in machining processes has been criticized largely due to the several negative effects on environment and health. Extensive attention has been given to reduce or completely eliminate the use of cutting fluids and meet the demands for environment friendly cutting processes. One such alternative in this regards is the application of minimum quantity lubrication (MQL) to obtain best surface finish. From the works of Radoslaw et al. [37] it is proved that application of the minimum quantity cooling lubrication (MQCL) and MQL method reduces the values of roughness parameters of machined surface of X10CrNi18-8 stainless steel as compared to dry machining. The analysis and directions of MQCL adjustment trends needed to improve the machining performance are presented in the work of Radoslaw et al. [38] . The investigation of the technological parameters affecting microhardness after turning duplex stainless steel (DSS) with wedges of coated sintered carbide for different cutting conditions was carried out by Krolczyk et al. [39] .
Burnishing is a highly nonlinear problem, in which local large strain/deformation, as well as material nonlinearities and unknown boundary conditions in contact area are involved. The models in the field of burnishing can be classified into three categories namely analytical [36, 40, 41] , statistical [42] and FE models [43] . Skalski et al. [43] studied the burnishing indentation process of burnishing ball into workpiece using axisymmetric FEM to analyze the relations between contact pressure, plastic strain depth and burnishing force. Röttger [44] developed a 2D plane strain FEM model for analysis of ball burnishing on the hardened steel using DEFORM-2D. The predicted surface finish (R a ) and residual stresses of the FEM model agreed reasonably with the experimental values. Bouzid et al. [40] investigated the effects of burnishing on the surface roughness of AISI 1042 steel and developed an analytical model to analyze the surface roughness after burnishing. Beres et al. [45] used 2D and 3D finite element method to model the LPB process numerically. Bouzid and Sai [46] developed a 3D FEM model of the burnishing indentation process to analyze the residual stress induced during burnishing. A reliable FE model of burnishing process was also presented by Sartkulvanich et al. [47] . They developed a more accurate 2D and 3D FEM models to analyze the influence of burnishing parameters on surface roughness and residual stress based on Rottger's [44] work. Bougharriou et al. [48] developed an analytical model and a finite element model to provide a fundamental understanding of the burnishing process on an AISI 1042 material. Maximov and Duncheva [49] analyzed ball burnishing process of low alloy steel by 2D FEM using software ABAQUS/Implicit. The results obtained by these authors demonstrate that finite element models were able to predict the effect of burnishing process parameters on the residual stress distributions successfully, when compared with experimental data.
The aim of the present work is to investigate the wear resistance of turned and burnished titanium alloy specimens using the pin-on-disk testing in accordance with the ASTM G99-95 standard. Further, a finite element model of the process is presented, showing its useful application for the study of the residual stresses generated and the experimental values are compared with simulated one.
2.
Experimental details 12 mm diameter bars of titanium alloy (Ti-6Al-4V) were used as work materials. Titanium alloy, Ti-6Al-4V work material is a (␣ + ␤) alloy of aerospace Grade 5, whose chemical composition of the work material is specified in Table 1 . The turning and burnishing tests were performed on 'Ace Turn mill CNC Fanuc lathe' of 11 kW spindle power with a maximum spindle speed of 4000 rpm. From the initial turning experiments conducted by the authors, the titanium bars were turned to proper dimensions, i.e., 12 mm diameter using poly crystalline diamond (ISO designation of CCMT09T304) tool under MQL conditions with a flow rate of 150 ml/h, speed of 150 m/min and a feed of 0.15 mm/rev [50] . The work pieces were prepared with one recess such that each work piece could be used for two different burnishing conditions. The microstructure of the ␣-and ␤-phase on the cross sections of the titanium alloy Ti-6Al-4V is shown in Fig. 1 . After turning the average roughness and hardness obtained were in the range from 0.40 to 0.45 m (R a ) and 340 (Hv), respectively. In the present study, four parameters, namely, burnishing speed, burnishing feed, burnishing force and number of passes were identified and the range for each of the process parameters was determined through the preliminary experiments [51] . Each process parameter was investigated at three levels to study the non-linearity effects of process parameters. The identified process parameters and their levels in the current investigation of burnishing process are summarized in Table 2 . According to Taguchi design concept, L 9 orthogonal array (OA) with 4 columns and 9 rows was selected [52, 53] . Each burnishing process parameter is assigned to a column and nine different process parameter combinations are available. Thus, nine experiments are required to study the complete burnishing process parameter space using L 9 OA. The experimental layout for the current investigation using L 9 OA as shown in Table 3 . In the present study, external ball burnishing tests were performed under lubricated conditions using SAE 40 oil, as per the experimental plan of Table 3 . A specially designed innovative ball-burnishing tool, which consists of two steel parts, was employed. The first part of square cross section is a shank held on the lathe tool post, whereas the other part is a mandrel of material EN 31 to hold both the active ball (8 mm in diameter) made of carbide. The ball holder that is the mandrel was elastically supported by a helical spring. This ball is further supported by three small carbide balls of 4 mm diameter. The sectional view of the ball burnishing tool is shown in Fig. 2 . With this arrangement the active ball was free to rotate with the rotation of the work piece when the active ball is set in contact with the surface of the work piece, during burnishing process due to the frictional forces developed. The ball could be removed easily from the tool for changing, readjusting or cleaning by unscrewing the cage. The movement of the mandrel due to the applied burnishing force will cause compression of the spring. This compression has been calibrated to measure the burnishing force. The burnishing force is measured with help of spring of known stiffness and dial gauge. Keeping the spring inside the tool and placing the dial gauge at the end of the tool shank, the deflection of dial gauge is noted down for determining the burnishing force. Normally, the optimum burnishing force varies between 200 and 500 N depending on the type of alloys. Increase in burnishing force is unadvisable, because it increases the surface roughness, mainly due to the distortion of the microprofile and excessive work hardening. In the present investigation, the burnishing tool has been designed for the maximum permissible force of 400 N. Our preliminary investigation revealed that high forces cause shear failure in the subsurface layers, which in turn caused flaking. Taking into considerations of these, the burnishing force is varied from 150 to 250 N. Because surface finish gets deteriorated due to hard particles, which usually leave deep scratches, alcohol was used as a precautionary step to clean the work piece surface before burnishing, i.e., after turning in order to prevent hard particles entering the contact surface between the tool and the work piece. The specimens were also cleaned with alcohol before the response tests to measure surface roughness and hardness.
The surface roughness of the turned and burnished surfaces was measured with a portable 'Mitutoyo Surftest SJ-400' surface roughness instrument. All the measurements were carried out with a cutoff length of 0.8 mm and in each case the average of five readings was used. The surface roughness was measured to assess the quality of the burnished surface quantitatively. The hardness was measured using computerized microvickers hardness testing machine (Model VM50 50PC). The surface hardness of each specimen was measured along the length and around the periphery. The average values of three measurements for each specimen were recorded.
The measured values of surface roughness and hardness are summarized in Table 3 . After turning and burnishing, cylindrical specimen of 12 mm diameter and 5 mm thickness for each trial were cut using the wire electro discharge machine Electronica (Maxicut). Wire EDM was used because it is relatively fast simple and accurate way of removing specimen from the machined bars without further inducing unwanted residual stresses in the surface.
Wear tests were conducted, on a pin-on-disk wear testing machine (Model: TR-20, DUCOM) as per ASTM: G99-95 [54] . The counterpart disk was made of quenched and tempered EN-32 steel having a surface hardness of 65HRC and surface roughness R a = 1.60 m. The cylindrical wear specimens of size Ø12 × 5 mm thickness cut from the turned and burnished bar, were clamped in such a way that the burnished surface comes in contact with the counterpart disk. The specimens were cleaned with acetone before conducting the test. The wear tests were conducted under dry sliding condition at a constant load of 10 N, with a sliding velocity of 2.68 m/s and a Table 4 . All the tests were conducted in ambient air conditions with temperature and humidity in the range of 18-22 • C and 52-62%, respectively [55] . The data reflected the average value and standard deviation of 3 wear tests. Good repeatability was obtained in both friction and wear results. An electronic balance with an accuracy of 0.01 mg was used to measure the mass loss of the pin specimen for the evaluation of wear. At the end of each test, the specimen was weighed again on the same balance after cleaning with acetone. To measure slide mass loss, the difference between the initial and final weights was taken and was divided by the sliding distance to calculate the wear rate. Mass based wear rate was then converted to volumetric wear rate using the density of the titanium alloy (0.00451 g/mm 3 ). The specific wear rate, W r (mm 3 /N m) was calculated using Eq. (1)
where, m is the mass loss on the pin samples (g), is the density of the test sample (g/mm 3 ), t is the test duration (s), V s is the sliding velocity (m/s), F N is the average normal load (N). The friction force was monitored by a load cell-based force measurement system. The microstructure of the turned and burnished surface of titanium work-piece was obtained for each sample by using scanning electron microscope. The microstructure of each turned and burnished sample at other magnifications were also obtained in order to perform a detailed study. The residual stresses of turned and burnished parts were measured by X-ray diffraction method. The SEM is operated at an acceleration voltage of 10-30 kV. For examination by optical microscope or in SEM by SE-signal mode, polished samples were submerged in Kroll's reagent for 15 s. After etching, they were immediately rinsed in ethanol and then water. The Kroll's reagent with composition 92 ml distilled water, 6 ml nitric acid and 2 ml HF was used as macroand microetchant. After mechanical polishing and etching for some specimen, thorough rinsing in ultrasonic acetone bath was performed. Samples were then flushed with ethanol. All the samples were cleaned in plasma cleaner as a final step, before insertion into SEM. Samples were handled with rubber gloves after this final cleaning stage. The sample was prepared by electro polishing to carry out EBSD analysis and X-ray diffraction method. The viable option to obtain deep measurements was electro-polishing, as other methods could change the stress state of the piece. To carry out the process of electro polishing, three operations were carried out, metal preparation, electro polishing and post treatment. The instrument Struers Electropol was used for electro polishing. The paper of 400, 1000, 2500 Grade were used for diamond polishing with 1 micron diamond paste. The electro-polishing solution used Bold indicates optimum levels of the process parameters.
was an equal volume mixture of 80% mass fraction methanol and 20% percloric acid solution. The operating conditions were current densities of 15 V and operation time is of 45 s. The worn surfaces after wear testing were examined under Scanning Electron Microscopy. Electron back-scattered diffraction (EBSD) analyses were performed on turned and burnished specimens. Automatic generation and indexing of EBSD patterns were carried out on SEM of FEI Company produced by TSL Technology Inc., which contained a back-scattered electron detector and OIM software (Version-7.O.1) for analysis. The experimental software used is TSL OIM data collection. Beam scan mode was adapted with a step spacing of 0.8 mm. The image of microstructure was reconstructed by creating grain boundary maps from the EBSD pattern measurements.
3.
Results and discussion
ANOM and ANOVA
In the present work, the objective is to minimize the specific wear rate and coefficient of friction during burnishing process. Hence, "smaller the better type" category for the specific wear rate (W r ) and coefficient of friction () has been selected. Moreover, to study the effect of burnishing parameters on hardness (H) and surface roughness (R a ), "larger the better type" category for hardness and "smaller the better type" category for surface roughness have been selected The S/N ratio associated with the objective functions for each trial of the orthogonal array is given by: 
The corresponding S/N ratios for each trial of L 9 orthogonal array were determined using Eq. (2) to Eq. (5) and are presented in Table 3 . The analysis of means (ANOM) based on S/N ratio was carried out to determine the optimal levels of process parameters. The results of ANOM for specific wear rate and coefficient of friction are represented in Tables 5 and 6 , respectively. The level of a parameter with the highest value of S/N ratio is the best combination level. The optimal parameter setting is found to be A2, B1, C3 and D3 for minimum specific wear rate and the optimal parameter setting for minimum coefficient of friction is found to be A2, B1, C2 and D2.
To investigate the effects of burnishing process parameters quantitatively, the analysis of variance (ANOVA) based on S/N ratio has been employed [52, 53] . Table 7 gives the summary of ANOVA results of specific wear rate. It can be seen from the ANOVA tables that the burnishing force (57.77%) and number of passes (20.13%) play major roles in minimizing the specific wear rate, whereas burnishing speed (13.15%) and burnishing feed (8.95%) do not show noticeable effects in controlling the specific wear rate. Similarly, Table 8 gives the summary of ANOVA results of coefficient of friction. It can be seen from the ANOVA tables that the burnishing feed (74.17%) and burnishing speed (13.03%) play major roles in minimizing the coefficient of friction, whereas burnishing force (11.43%) and number of passes (1.37%) do not show noticeable effects in controlling the coefficient of friction.
Here, the best combination values of the process parameters obtained through Taguchi optimization were set and the work pieces of the same batches were machined. The observed value of S/N ratio ( obs ) is compared with that of the predicted value ( opt ). Table 9 gives the confirmatory test results and it is observed from the table that the prediction error, i.e., ( opt − obs ) is permissible. The best combinations of process parameters for optimum specific wear rate and coefficient of friction, along with the corresponding optimal values are given in Table 10 .
Analysis of hardness
Due to the application of high burnishing force to the material surface, a localized cold worked zone is created leading to plastic deformation, which creates a localized cold worked layer. This layer provides a corrosion resistance enhancement and also a wear resistance improvement of sliding component [15] . It is evident from the findings of Table 3 that the hardness of the burnished specimen was in the range of 371-405 Hv as compared to the turned specimen whose hardness was recorded as 340 Hv. The microhardness depth distribution of titanium material for Trial no.6 as per the experimental plan (Table 3) , after burnishing is shown in Fig. 3 . The hardness value of the surface is much higher than the bulk material hardness. At 250 m beneath the burnished surface, the difference in hardness was very small and the hardness values approached the hardness of the base material as the depth beneath the burnished surface increased. The top layer of the burnished surface experiences work hardening process and hence the hardness is higher than the average hardness of the work piece material. The effect of the burnishing parameters on the surface hardness can be studied from the main effects plot in Fig. 4 . From the above main effects plot in Fig. 4 on surface hardness during burnishing of titanium alloy, it is evident that surface hardness of the material increases with the increase in burnishing force and number of passes, due to work hardening and low surface hardness is observed at higher feed and speed [56] [57] [58] [59] . 
Analysis of surface roughness
From Table 3 , it is evident that the surface roughness of the burnished surface varied in the range of 0.12-0.27 m as compared to the turned surface whose surface roughness was 0.5 m. In general, the obtained enhancement of surface quality (R a ) can be explained in terms of the elimination of surface irregularities that occurred by the pressing of the ball, which slides along the cylindrical surfaces with pressing burnishing force. The burnishing feed and burnishing speed have major effects in minimizing the surface roughness. Contrary, the burnishing force and number of passes have less significant role, in minimizing the surface roughness. Surface profiles of cylindrical turned and burnished surfaces (Trial No. 1) are shown in Fig. 5 . The initial surface roughness after turning was R a -0.50 m, whereas after burnishing for Trial No. 1 it was reduced to R a -0.13 m. It can be seen that a significant decrease in surface roughness of the topography height of the work piece is obtained due to the burnishing process. Further, from Fig. 5 , it is evident that burnishing had reduced surface peaks and smoothed the profile of the work piece. The image of the turned and burnished sections of the work piece is shown in Fig. 6 . On the left side of the image (Fig. 6 ), one can clearly observe the feed marks on the turned surfaces, whereas the darker area on the right side represents a smoother burnished surface. The effect of the burnishing parameters on the surface roughness can be studied from the main effects plot in Fig. 7 .
Analysis of residual stresses
To evaluate the degree of residual stress induced in the near surface layers by the ball burnishing, X ray diffraction measurements were performed on the turned and burnished components. It was observed that in the turned surface, tensile residual stresses are produced close to the surface, whereas after burnishing a large axial compressive macro stresses occur in the surface layer and in the near-surface regions. After analyzing the results, it was found that compression stresses occur in the surface layers of all the burnished surfaces. Fig. 8 shows the profiles of the residual stresses, as a function of depth into the surface for turned and burnished surface for Trial 3 as per experimental layout plan of our investigation ( Table 2 ). It is obvious that after ball burnishing, compressive residual stress as high as 955 MPa was noticed immediately below the surface, and this compressive stress decays over a depth of approximately 500 m. However, the smallest compressive stress value of 345 MPa was obtained for a workpiece Trial No. 1, subjected to a burnishing force of 150 N, speed of 15 m/min, feed of 0.05 mm/rev and one pass. Residual stress distribution can be affected by the burnishing parameters such as burnishing force, speed, feed and number of passes. Burnishing force has a major influence on the residual stresses. The extent of plastic deformation in the work piece enhances with the burnishing pressure and hence the magnitude of compressive residual stresses increase with increased burnishing force. The compressive residual stresses competently retard the formation and growth of cracks subjected to cyclic loading and thus enhances fatigue resistance [60, 61] and vice versa for the residual tensile stresses. Hence, the residual stress on the burnished surface plays an important role, in determining the wear resistance and fatigue strength of components
Analysis of specific wear rate
From the ANOVA analysis in Table 7 , it is evident that the strongest influence on specific wear rate was exerted by the burnishing force (57.77%) and number of passes (20.13%). Fig. 9 illustrates the main effects plot of burnishing parameters on specific wear rate. From Fig. 9 , it is evident that the specific wear rate is reduced or an increase in wear resistance is observed with the increase in burnishing force, feed and no. of passes, whereas the specific wear rate decreases with the increase in burnishing speed. This is due to the fact that as the burnishing force increases from 150 N to 250 N, hardness of the surface is increased. The surface hardness increases rapidly with increase in burnishing force resulting in the improvement of wear resistance. Further, burnishing force increases the compressive residual stress at the surface layers, thus hindering the growth of cracks and wear delamination.
On the other hand, low burnishing force leads to less improvement because the insufficient pressure results in incomplete deformation action. The variation of the specific wear rate with respect to hardness is shown in Fig. 10 . properties of beta-type titanium alloy revealed that the wear amount of the titanium alloy decreased with the increase in hardness. Titanium has low wear and abrasion resistance because of its low hardness [63] . Because of the increase in burnishing force, the surface deformation and work hardening also increased, thus resulting in increase of surface hardness [62] . The wear resistance of titanium has been related to the sub surface deformation behavior [5, 64, 65] . From the experimental findings of Chan et al. [65] it has been demonstrated that wear resistance of Ti-based alloys increases with increasing hardness. It is reported in the literature that blasting of metals/metal alloys with particulate material can lead to work hardening and that this increased hardness can give rise to enhanced surface wear resistance [66] . Similar observation was reported from the studies of Rao et al. [31] that the wear resistance of HSLA Dual-Phase Steels improved with increase in burnishing force due to the plastic deformation of surface of the components by obtaining highest hardness. The present results ( Fig. 9) show that, with the increase in number of passes the specific wear rate decreases. As the no. of passes increase, the surface hardness also increases, due to condensed grain structure and increased structural homogeneity [55, 56] . It can also be observed, from the main effect plot that the specific wear rate decrease with the decrease in feed. At lower feed the surface hardness is high and hence lower specific wear rate. This can be explained by the fact that, at lower feed, the plastic deformation is more rigorous causing a greater increase in surface hardness. In addition, at lower feed the number of times a ball deforms over the same spot is greater than at higher feed. The work hardening influence on the burnished surface is also greater at lower feed and decreases with increased feed. Study by El-Taweel and El-Axir [56] reveals that increase in feed, leads to decrease in surface hardness because of less work-hardening on the surface due to smaller surface area of the work piece subjected to plastic deformation.
From Fig. 9 the effects of burnishing speed on specific wear rate can be analyzed. It is observed that at low speed, the specific wear rate decreases and worsens with the rise of burnishing speed. During initial range of burnishing speed (15-30 m/min), the hardness increases, which tend to enhance the wear resistance. Because at low speed, due to more time of penetration of the burnishing tool into the burnished surface; the plastic deformation is more and hence subsequently an added amount of work hardening into the burnished surface. However, with a further increase in cutting speed in the range 30-60 m/min, the hardness decreases. This is due to the increase in recovery of the work-hardening on the surface because of the rise in temperature of the workpiece and the burnishing ball, which is associated with the increase in the rate of surface deformation as the burnishing speed increases. Moreover, at higher speed, greater frictional heat is generated as lubricant loses its effect due to limited time to interpose between the burnishing ball and work piece surface. This frictional heating promoted a temperature rise in the burnishing zone and subsequently softening of the surfaces. The increase in burnishing speed leads to instability of burnishing tool across the work piece surface and there will be incoherent deforming action of the tool, which in turn decreases hardness [31, 56] . During our present study it was observed, higher speeds led to insufficient burnishing and probably due to which, the surface hardness might be low hence decreased wear resistance. In our study, the burnishing speed of 30 m/min was found to be suitable for improved surface hardness.
From the ANOM results as shown in Table 5 , the optimal burnishing parameters for minimum specific wear rate are burnishing speed (level 2) of 30 m/min, feed (level 1) of 0.15 mm/rev, force (level 3) of 250 N and 3 no. of passes (level 3). The minimum wear rate obtained under the optimum experimental condition was 3.29 × 10 −4 mm 3 /N m when compared to its initial turned surface, where the corresponding value was 6.85 × 10 −4 mm 3 /N m. Therefore specific wear rate decreased by 52% in comparison with turned surface. The burnished surfaces in general, show better wear resistance compared to the initial turned surfaces.
Analysis of coefficient of friction
From the ANOVA analysis as shown in Table 6 , it is evident that the strongest influence on coefficient of friction was exerted by the burnishing feed (74.17%) and burnishing speed (13.03%). The friction characteristics are evaluated in terms of coefficient of friction of the titanium alloy sliding against quenched and tempered EN-32 steel. These findings revealed that, the burnished surfaces with low surface roughness assisted in a way to reduce coefficient of friction as compared to the turned surface [33] . The coefficient of friction for the turned surface was recorded as 0.5, whereas, lowest coefficient of friction for the burnished surface under optimum condition was 0.18, which is a reduction of 64%. The variation of coefficient of friction with respect to surface roughness is shown in Fig. 11 . This trend supports the fact that lower surface roughness leads to lower friction coefficient. This is because burnishing action caused the sharp and serrated tip of asperities to deform. As a result, less interlocking between the asperities led to abridge ploughing action and resulted in the decrease of friction force, whose magnitude is determined by the energy to overcome deformation. Fig. 12 illustrates the main effects plot of burnishing parameters on coefficient of friction. It is evident from the figure that as burnishing feed increases, the coefficient of friction also increases. The coefficient of friction variation with respect to feed (Fig. 12 ) reveals that the at low feed, i.e., 0.05 mm/rev, the distances between the successive traces of the burnishing ball will be small, and also the ball will have more chances to smooth out the bulged edges of the previous traces as the tool passes slowly along the workpiece. This leads to a decrease in surface roughness and hence reduced coefficient of friction. At higher feed ranges, i.e., 0.10-0.25 mm/rev, the coefficient of friction drastically increases. With the progressive increase in feed, the distance between the successive burnishing ball traces increases; resulting in a reduction in likelihood for the burnishing ball to even out all the bulged edges of the former traces and therefore leading to increased surface roughness [30, 56] . Also at higher feeds, the burnishing ball produces larger feed marks with a center-line distance between two succeeding indentations and hence raised surface roughness [57] . As indicated in Fig. 12 , low feeds are advantageous for minimizing the surface roughness and coefficient of friction because the deforming action of the burnishing tool is greater and metal flow is regular at low feed.
From the direct plot of coefficient of friction ( Fig. 12) , it is observed that when the cutting speed is 15 m/min, the coefficient of friction is reduced due to reduction in surface roughness. The results revealed that less reduction in coefficient of friction was attained at lower burnishing speed 15 m/min. In the beginning, when burnishing speed is gradually increased, the work piece and burnishing ball temperature increase due to unsuitability of the burnishing tool crossing the work piece surface, consecutively increasing the material transformation between burnishing ball-work piece interfaces and hence less reduction in surface roughness [56] . With further increase in burnishing speed, from 15 m/min to 30 m/min the burnishing ball has more opportunity to settle down the abnormalities of the burnished surface and hence decreased surface roughness leading to reduced coefficient of friction. Further as the burnishing speed increases from 30 m/min to 45 m/min, the coefficient of friction increases. The reduced lubrication effect at the burnishing zone at high speed caused a rise in temperature, leading to higher coefficient of friction. Moreover, at higher speeds mainly due to the presence of chatter and reduced amount of deformation time being offered for the burnishing tool to smooth out more irregularities, an increase in surface roughness is observed [57] . However, it can be seen that at all burnishing speed, a reduction in coefficient of friction was achieved.
As illustrated in Fig. 12 , the coefficient of friction appreciably decreases for low range of forces from 150 to 200 N and the coefficient of friction increases further for higher range 200-300 N. This is due to the fact that at the commencement, the burnishing ball penetrates a little distance into a work surface, causing a little or incomplete deformation of the asperities and thus resulting into reduced coefficient of friction. When the force is slowly increased, the protrusion of work in front of the burnishing tool becomes large and the plastic deformation region broadens that in turn spoils the formerly burnished surface resulting in an enhanced surface roughness [31, 57] . El-Taweel and El-Axir [56] also reported that when the burnishing ball advances further along the workpiece, the repeating plastic deformation action on the work surface leads to increased work-hardening of the earlier exaggerated layers of the deformed surface; which in turn produces flaking on the surface and hence, surface roughness increases. The diminished surface roughness noticed at higher force ranges may be probably due to increased ball pressure on work piece surface resulting in condensing the most asperities and increasing the metal flow that leads to filling of more voids and/or valleys that were exited in subsurface layer due to burnishing operation. Our experimental results closely agree with the results obtained by Lopez de et al. [67] .
The surface roughness decreases when the number of passes is increased and reaches a minimum value when the number of passes is 2. However, with the further increase in the number of passes increases, the surface roughness considerably increases, thereby resulting in increase of coefficient of friction. The increase in surface roughness with more number of passes is fairly understandable because of over hardening and consequently flaking of the surface layers due to more repeated ball burnishing on work surface [56, 57] .
Wear surface and wear debris
Morphology of worn surfaces generated during wear test on turned (Fig. 13a, b ) and burnished specimen of Ti-6Al-4V alloy under various burnishing conditions are shown in Fig. 14(a-f) . It is evident from Figs. 13 and 14 , that the worn surface of turned specimen showed signs of excessive wear as compared to that of burnished specimen. The presence of vestiges with plastic deformation and fracture was observed on the worn surfaces. Along the sliding direction the furrow and ridge were also noticed through continuous squashing and plowing by the counter face. All the wear surfaces show a typical abrasive wear. From the study of worn surfaces and sub surfaces, a tribo oxide layer was always found to form on worn surfaces and there were no traces of delaminated regions on worn surfaces. Rigney [68] , confirmed by the experimental observations, that the sliding of metals can be described by the following basic wear sequence: surface and sub-surface plastic deformation, formation of debris and material transfer, reaction with the environment, mechanical mixing and producing a tribological layer. During sliding of Ti-6Al-4V alloy, tribolayer is supposed to be formed through metal debris being produced and/or transferred, ground, mixed, compacted, and even sintered on worn surfaces. In this procedure, metal debris would react with oxygen. Thus, more or less oxygen entered in tribolayer. Based on the XRD result of wear debris during wear of Ti-6Al-4V alloy, Straffelini and Molinari [8] identified two wear mechanisms for Ti-6Al-4V alloy, irrespective of the counterface and applied load, oxidation wear prevailed at the lowest sliding velocities (0.3-0.5 m/s) and delamination wear did at the highest (0.6-0.8 m/s). According to experimental study by Hsu et al. [69] , plastic deformation and its accumulation on the contacting asperities control the wear process when the ambient temperature and sliding speed are not high. Subjected to a low load because of relatively higher strength of Ti-6Al-4V alloy, plastic deformation and fracture were considered to occur first on worn surface. As a result, under a low load, adhesive wear was considered to be the predominant wear mechanism, but delamination wear prevailed under a high load, where plastic deformation and fracture occurred at subsurface. Because of high hardness of steel counterface and trace tribo-oxides, the contacting asperities of counterface and oxidized wear debris would plow the surface of Ti-6Al-4Valloy, producing furrow and ridges on worn surfaces. Hence, it is suggested that adhesive wear and delamination wear prevailed at 25-200 • C, accompanying abrasive wear. Under the experimental conditions, even though the sliding speed is high at 2.68 m/s, delamination wear was not observed contrary to the views of Straffelini and Molinari [8] . However, since the load is low at 10 N there was no delamination wear, consistent with the work of Hsu et al. [69] . Wear debris can act as a very useful diagnostic tool for finding out the mechanism of wear. In our work, the wear debris, obtained was in the form of a powder, unlike flake-like metallic wear particles, which indicate that delamination occurs during wear [70] . Titanium alloy commonly transfers to the counterface when rubbing against other metals or ceramics [2, 7, 10] . The steel counterpart surfaces typically exhibited minor micro-plowing wear scars aligned parallel to the reciprocating-sliding direction together with a high density of heavily flattened patches and smeared metal prows aligned in the sliding direction. Energy dispersive X-ray analysis of the worn surfaces showed that transfer of the steel counterpart to the titanium pins had occurred during wear mechanism.
EBSD analysis
Electron backscattered diffraction (EBSD) observation in the present study was performed at a depth of 100 m from the top surface owing to the ultrafine grains in the top surface of burnished samples. The orientation EBSD images of the titanium alloy before and after deformation are shown in Fig. 15 . As shown in Fig. 15 , the color of the grains indicates the different orientation and the similar color means the grains have the similar orientation. Fig. 15(a) shows the image before deformation, i.e., after turning. Some grains were elongated in the specimen deformed as shown in Fig. 15(b) , when further deformed by increasing the burnishing force, dislocations can be observed as shown in Fig. 15(c) . EBSD observations reveal that the density of sub-grain boundaries and high angle grain boundaries increased during deformation, clearly indicating that dislocation sliding and climbing are important processes during deformation [71] . The experiment results indicate the superplastic deformation is controlled by grain boundary sliding and dislocation motion.
Microstructural analysis
The cross-sectional microstructures, near the topmost surface regions, of turned and burnished surfaces under different burnishing conditions are shown in Fig. 16 . The direction of arrow in these figures indicates the top surface. The turned surface displays no change in the grain size near the surface. However, due to burnishing process, owing to the driving of the burnishing force and friction force introduced between specimens and burnishing tool, the grains become sheared and grain size decreases dramatically. It is evident from these figures that adjacent to the burnished surface, a layer existed where the grain boundaries were not discernable under the current observation method. This featureless layer has no identifiable grain structure and indiscernible grain boundaries were also reported in Ti-6Al-4V after deep rolling [60] . The layer influenced by burnishing is described as a layer where the microstructure exhibits the features of recrystallized grains, elongated sub grains, and/or grains with heavy twinnings and stacking-faults [72] . A different microstructure is observed after deformation due to burnishing, no nanocrystallites were formed, but the dislocation arrangement consisted of diffuse tangled and debris-like structures, cell formation was not observed, and the dislocation arrangement was almost entirely planar [73] . This result indicates that the increase in the deformation promotes the generation of dynamic recrystallization, which results from the significant near-surface increase in dislocation density and lattice distortion. After this layer, as observed from the figures, the bulk microstructure appears, which is considered as the end of burnishing influenced layer.
Residual stresses estimation using a FEM model
An attempt has been made to present a FE model for ball burnishing. Here, the geometry and the mesh were created using LS-PrePost. This is an advanced pre and post-processor tool from Livermore Software technology corporation (LSTC). Due to large variation in the stress components throughout the layers beneath the contact zone, small elements should be assigned to this region. From the study conducted by Liu Y et al. [74] , it is revealed that proportion of the smallest size to the diameter of dimple generated in the contact zone is recommended to be about 1/10th in the ball burnishing process. The geometric workpiece model considered in the 3D FEM simulations is shown in Fig. 17 . The workpiece is modeled by a portion of a cylindrical part. The choice of workpiece size in 3D FEM simulations takes into account the real dimensions of the treated piece, the presented boundary conditions and the optimization of computational time. The external radius is equal to the rod bar radius, which is utilized in experimental work. The mesh generated of the ball tool and the workpiece in the 3D ball burnishing simulation are shown in Fig. 17 . As described, in the contact zone, fine elements should be used. However, in the regions, which are far away from the contact zone, course elements can be generated to decrease the number of degrees of freedom and computational costs.
Smooth transition between the fine and coarse elements should be provided using intermediate elements. In this study, linear tetrahedral elements are used to discretize the work piece and ball. Taking these facts into consideration the mesh Fig. 17 -Meshing of the ball tool and the workpiece in the 3D ball burnishing simulation.
for the specimen was created such that at the area of contact the element size was very fine and gradually the mesh was coarsened out. This helped to minimize the number of element count. FEM analysis was carried out with sufficient mesh density in the region of burnishing and lesser density elsewhere. Initially, to determine the effect of the mesh density on computational accuracy, processing time and program convergence, different types of FE mesh were prepared and studied for the 3D model. Finally, a FE model with 283,550 eight-node C3D8R elements and 300,456 nodes was prepared with increased mesh density in the area close to the surface, as shown in Fig. 18 . Rotating quads were used in order to achieve transition of mesh. Solid brick element having Elform 2 (fully integrated elements) were used. The spherical indenter was modeled with rigid shell elements having properties of tungsten carbide material and the Ti-6Al-4V workpiece was modeled considering as kinematic plastic material.
The FE model is based on the following assumptions:
1. The ball tool is considered rigid and is modeled by an analytically rigid part. 2. The work piece is considered as kinematic plastic material. 3. The surface roughness profile is neglected. 4. The ball burnishing speed effect is neglected.
The Johnson-Cook model has been widely used in the literatures to characterize Ti-6Al-4V. In this model, the material properties not only depend on the strain, but also depend on the temperature and strain rate. Johnson-Cook constitutive model for Ti-6Al-4V is a simple numerical material model developed for isotropic material. In this material model, it is assumed that elastic strains are negligible in comparison to plastic strain. The elastic domain is defined by means of the Von-Mises yield criterion, and it is assumed that isotropic strain hardening is sufficient to describe the evaluation of the yield surface during plastic deformation. Strain hardening is thus described in terms of the damage accumulated plastic strain. It is further assumed that the elastic and visco-plastic properties of the material depend on the temperature generated by adiabatic heating under high strain rate loading conditions, while any thermo-mechanical coupling with the surrounding is not included in the formulation. The movement of the ball with respect to workpiece can be controlled by the displacement of tool. This method would require information on the ball penetration depth for the given process settings. This depth value, involving plastic deformation, changes from one cycle to another. It cannot be solved analytically due to the nonlinearity of the workpiece properties and is usually very difficult to measure during ball burnishing experiments. The relationship between the force and ball penetration depth is obtained from series ball burnishing simulations. To apply the required burnishing force during simulation, the corresponding penetration depth is calculated from a 3D indentation simulation test results. The movement of the ball in the simulation can be controlled, by using two different ball movement controls, that is, displacement control and force control. In the force control, the ball presses on the work piece until the maximum applied load is reached for every indentation cycle. This type of loading does not strictly reflect the real load applied to the part during cylindrical rolling. Indeed, the real contact is a sphere/cylinder one, whereas the 2D model simulates a cylinder/plane contact.
For these reasons, it is preferred to use the displacement control method in the 3D FEM. This load is a succession of three repetitive movements. To attain a sufficient simulation area, eight cycles of the burnishing process were carried out. The load stages of each cycle are given below: Stage 1: the ball traverses down vertically applying the corresponding burnishing force related to the phase of penetration into the material (loading) Stage 2: the ball traverses to the initial position (unloading) Stage 3: the ball traverses horizontally with a displacement value of burnishing feed (feed per revolution)
The specimen was fixed axially at one end in translation DOF. To reduce the analysis time, it was assumed that the same effect of experiment would be achieved if the specimen was not rotated and if the indenter moved axially on the surface of specimen. Nodes to surface contact were evoked in order to get a better correlation of the results. Considering the fact that sliding between analytical rigid ball and deformable workpiece is inevitable, the simulation has been conducted so that the friction has been introduced in order to avoid sliding between the ball and workpiece as assumed in the study given by Fischer-Cripps [75] . A friction parameter of = 0.3, was assumed for the contact between the tool and the workpiece during modeling as per the classical Coulomb law. The springback analysis was conducted after ball burnishing, in order to achieve the steady state of residual stress profile. However, it was found that this analysis was not practical to be simulated, since long time is required to reach the steady state. Thus implicit method was used to simulate the spring-back analysis, since after removing the ball there is no complexity due to contact between the parts and consequently different nonlinearities are not involved in the spring-back problem. In conducting the simulations, the following burnishing conditions were used: 
Effect of burnishing feed on residual stress
To study the distribution of the residual stresses using different values of burnishing feed (f = 0.05, 0.10, 0.15, 0.20 and 0.25 mm/rev) with a burnishing force of 200 N, FEM simulations were carried out. Fig. 19 shows the effect of burnishing feed on the experimental and simulated residual stress distribution. It is evident from Fig. 19 that the predicted values of axial and tangential residual stress, under different feed rate are in good agreement with the experimental values. The effect of feed rate on residual stress is consistent with experimental observations. From the FEM simulation results in Fig. 19 , it is clear that a decrease in the burnishing feed slightly raises the magnitude of the compressive residual stresses in both axial and tangential directions. This can be explained by the fact that a small feed indicates shorter distance between ball traces. As a result, the workpiece surface was subjected to greater amount of plastic deformation and residual stresses due to more repetitive compression by the ball tool. Simulations showed greater influence of burnishing feed rate on tangential residual stresses i.e., more variation of residual stresses in tangential direction due to change in burnishing feed. However it was found that the magnitudes of the residual stresses are weak, for different values of feed. Thus, it can be concluded from FEM simulations that the axial and the tangential residual stresses are not significantly influenced by the feed [48] .
Effect of burnishing force on residual stress
To study the distribution of the residual stress under different burnishing pressures (F = 150, 200, 250, 300 and 350 N) with a burnishing feed rate of 0.05 mm/rev, various FEM simulations were carried out. Fig. 20 shows the effect of burnishing pressure on the experimental and simulated residual stress distribution. Because of burnishing, compressive residual stresses were obtained in both axial and tangential direction. It was also evident that with the increase in burnishing pressure, higher residual stresses were generated at a greater depth. It is evident from Fig. 20 that the predicted values of axial and tangential residual stress, under different values of burnishing force with a feed rate of 0.05 mm/rev are in good agreement with the experimental values. The residual stress gradually increases up to a certain depth from the surface and achieves maximum value in the sub-surface and then decreases as we go deep into the surface. As Fig. 20 indicates, both FEA and experimental results show similar variations with respect to depth. To further study the effect of burnishing force on residual stress, different simulations were tried out under different magnitudes of burnishing force, keeping the feed rate constant. The results qualitatively agree with the experimental results. Higher burnishing pressures generate more compressive residual stress near the surface and produce a deeper effective compressive stress layer. The occurrences of maximum residual compressive stress, its magnitude and depth at which it occurs follow similar trend in both techniques. The induced residual compressive stress values obtained from FEA are compared with the experimental X-ray diffraction results and the deviation is found to be less than 16%. As the burnishing force increases the compressive residual stresses also increase. The increase of applied burnishing force leads to an increase in the amount of plastic deformation as more roughness valleys are filled, during the process. It is established from Fig. 20 that the depth and maximum values of the residual stresses considerably increases with the increase in burnishing force. These results also agree with experimental study by Farough [76] during low plasticity burnishing process of titanium alloy. From the present study, it is evident that, with the increase in penetration depth, an increase in the burnishing force applied to the surface is observed, which leads to increase in the surface hardness and compressive residual stresses [59] . These results are qualitatively in agreement with the results of Sartkulvanich et al. [47] , Bougharriou et al. [48] and Sayahi et al. [77] . Therefore, it can be concluded from the results that, if the only objective of surface treatment is to generate high residual stresses, the best choice is to burnish with the maximum pressure. But, increasing the burnishing pressure can result in increase of surface roughness and geometrical error, which has to be monitored.
Conclusions
The results obtained from the surface quality and tribology studies indicates that ball burnishing process has good prospects to be introduced as a new surface treatment method for titanium alloy. Based on the analysis of the experimental results, the following conclusions can be drawn from the present investigation.
• After burnishing, surface microhardness increased from 340 to 405 HV, whereas surface roughness decreased from 0.45 to 0.12 m and compressive residual stress, as high as 955 MPa, was noticed immediately below the surface.
• A combination of burnishing speed in the medium range, low feed, high burnishing force with three passes is helpful to minimize specific wear rate. However, burnishing with medium speed, low feed, medium force and two numbers of passes could minimize the coefficient of friction.
• It is evident that the specific wear rate is reduced with the increase in burnishing force, feed and no. of passes, however specific wear rate decreases with the increase in burnishing speed.
• It is observed that the coefficient of friction decreases with the increase in burnishing feed, speed and number of passes, however, it increases with the increase in burnishing force.
• The burnishing force and number of passes with contribution of 57.77% and 20.13% have major effects in minimizing the specific wear rate. Contrary, the burnishing feed and burnishing speed with contribution of 74.17% and 13.03% have key roles in minimizing the coefficient of friction.
• Taguchi optimization in this investigation, showed greater improvements in specific wear rate 3.29 × 10 −4 mm 3 /N m (52% decrease) and coefficient of friction 0.18 (64% decrease), when compared to turned surfaces.
• Predictions of residual stress distributions beneath the burnished surfaces with the developed 3D FEM model are in good agreement with the experimental measurements obtained using X-ray diffractions.
• The surface quality and tribological characteristics of titanium alloy Ti-6Al-4V can be improved by ball burnishing, showing improved friction and wear performance.
Burnishing process is an emerging, hot topic in the manufacturing field and the benefits of this process are vast. Hence, further works can be extended related with the improvement in fatigue performance of burnished components, with the models for burnishing and to study the evolution mechanisms of the ultrafine grain and texture in the burnished surface layer.
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